Abstract: A widely tunable erbium-doped fiber laser based on superimposed core-claddingmode and Sagnac interferences is proposed and demonstrated. The core-cladding-mode interference is elicited by cascading two well-fabricated single mode fiber tapers, which are inserted into the Sagnac loop with one section of polarization maintaining fiber and one polarization controller (PC). By adjusting only the PC in the Sagnac loop, the lasing line may be tuned at a discrete step defined by the core-cladding-mode interference, and its covering range depends on the Sagnac interference. The tunable laser operation is obtained with a discrete step of about 2.5 nm, tuning range more than 50 nm, side mode suppression ratio higher than 45 dB, and 3-dB spectral linewidth narrower than 0.1 nm.
Introduction
Tunable fiber lasers have attracted considerable attention due to their potential applications in wavelength-division-multiplexing (WDM) transmission system, optical fiber sensing, and fiber device testing [1] - [6] . In most situations, they are realized by introducing tunable optical filters. Therefore, much effort has been made to investigate the tuning filters. Up to date, different types of tuning filters have been reported such as fiber Bragg gratings [2] - [4] , fiber Fabry-Perot etalons [5] , and multimode fibers [6] . However, these techniques are either high cost or need complex fabrication apparatus.
Recently, the tapered fiber has been applied to make tunable fiber lasers due to its easy fabrication and good performance. For example, Kieu et al. [7] first attempts to make a tunable fiber laser using one fiber taper, but the tuning range is less than 10 nm with a step of 0.5 nm to 1.5 nm. Wang et al. [8] develops a widely tunable fiber ring laser based on an in-line Mach-Zehnder (M-Z) filter, which is formed by cascading two fiber tapers. However, two types of gain media are required. In addition, the tuning method is complex due to the three-dimension adjustment of one taper waist.
In addition, a tunable fiber laser has been shown [9] by using a Sagnac interferometer, the setup of which is very simple and spectral response is highly stable because of the two signals involved in the Sagnac interference traversing the same physical fiber. The Sagnac interference fringe may be shifted in accompany with a variation of the transmission level by adjusting only the polarization controller (PC) in the loop arm. Therefore, it can act as a wavelength tunable filter in fiber lasers. But the operation performances need to be further improved such as narrowing the linewidth, broadening the tunable range, and maintaining single-line oscillation during the whole tuning process. Recently, we have used the few mode polarization maintaining fiber (PMF) to substitute for the single mode PMF for generating the modal interference modulated by the Sagnac interference [10] . As a result, the tunable laser performances are improved. But it is inconvenient to individually change the tuning step and its covering range on account that they both depend on the few mode PMF length. In addition, the use of few mode fiber may destroy the single mode operation in the laser cavity.
In this paper, a widely tunable erbium-doped fiber laser based on the superimposed corecladding-mode and Sagnac interferences is reported. The discretely tunable step depends on the beat length of the core-cladding-mode interference, while the tuning range relies on that of the Sagnac interference, which may be controlled individually. Fig. 1 shows the proposed Sagnac interferometer consisting of a 3-dB optical coupler ðOC 1 Þ, a piece of commercial PMF (PM1550-HP) with length of L 0 and birefringence of B, a PC ðPC 1 Þ, and an in-line MZI. The in-line MZI is obtained by cascading two well-fabricated single mode fiber (SMF) tapers separated by one section of SMF with length L 1 . Obviously, the signal injected into the Sagnac interferometer from the left port is split into two beams counterpropagating along the loop arm. The induced phase difference is proportional to the product of the PMF length L 0 and its birefringence B when they recombine at the OC 1 , resulting in the Sagnac interference. Besides this, the first taper in the in-line MZI couples part of the fundamental core mode into the cladding mode. After passing the SMF with length L 1 , the cladding mode is coupled back into the fundamental core mode at the second taper. Therefore, the core-cladding-mode interference is also generated by the in-line MZI in the Sagnac loop and superimposed with the Sagnac interference. On account of the uncorrelated superposition between the Sagnac and core-cladding-mode interferences, the transmissivity of the Sagnac interferometer is the direct product of that corresponding to the Sagnac and core-cladding-mode interference, respectively. By using the Jones matrix, the transmissivity may be derived and written as Here, the factor in the brace is the transmissivity of the in-line MZI and the rest term is that of the Sagnac interference. is the optical amplitude ratio of the light corresponding to the cladding and core mode involved. The n cleff and n ceff are their corresponding effective refractive indices. is the wavelength and the PC 1 rotation angle.
The Experimental Setup and Operation Principle
According to (1) , it can be found that the spectral response of the proposed filter is not a smooth sinusoidal fringe resulting from the Sagnac interference but one superimposed with another sinusoidal pattern generated by the core-cladding-mode interference. When the channel spacing of the Sagnac interference is much broader than that of the core-cladding-mode interference, it looks like that the periodically localized peaks appear in the spectral response and their amplitudes are modulated by the Sagnac interference. Therefore, there is only one highest localized peak in one free spectral range of the Sagnac interference, at which the two interferences are both constructive. Consequently, the wavelength corresponding to the highest localized peak may be discretely tuned at the step equal to the channel spacing of the core-cladding-mode interference by adjusting only the PC 1 setting in the loop arm. The tunable range is as broad as the channel spacing of the Sagnac interference. Along with the tunable behavior of the highest localized peak, its transmissivity is varied.
Experimental Results and Discussions
The in-line MZI is fabricated by flame-heated taper-pulling of standard SMF (SMF-28) [11] , [12] . Before fabrication, the protective coating of the SMF with length 30 mm is removed and then cleaned. After these, the SMF is heated with the hydrogen-oxygen flame and simultaneously pulled at a speed of about 55 m/s. During fabrication, the first SMF taper is made until its transmission shows small loss. Subsequently, the second SMF taper is made and its characteristic parameters (such as the taper length and diameter of the taper waist) may be different from the first one in order to improve the uniformity and extinction ratio of the transmission spectrum of the in-line MZI. Specifically, the first taper length is about 5.0 mm with its waist diameter equal to 46 m, and the second taper is made with separation distance of L 1 from the first taper, the length of which is about 7.5 mm with its waist diameter of 34 m. As a result, an in-line MZI is well fabricated and then placed into a closed oven to anneal at the temperature of 120 for 24 hours. Fig. 2 illustrates the transmission spectra of the in-line MZI with L 1 equal to 14.8 cm. The channel spacing of the corecladding-mode interference is about 3.6 nm, which means the difference between the refractive indices of the core and cladding modes involved is 4:5 Â 10 À3 . The black and red curves correspond to the case before and after annealing, respectively. Obviously, the annealing treatment reduces the transmission loss of the in-line MZI. In addition, there exists a weak blueshift in the spectrum. It may be attributed to the fact that the internal stresses in the taper positions caused by the flame-heated process are released after annealing. It is worthy of noting that the spectral response of the fabricated in-line MZI is uniform and its shape is almost sinusoidal, which means that there are mainly two modes involved in the core-cladding-mode interference. Any minor deviation from the absolutely sinusoidal shape indicates that some higher cladding modes are also generated at the first SMF taper but their powers are weak. The transmission loss at the periodic peak wavelengths are all about 0.8 dB and optical extinction ratio about 1.7 dB after annealing. Therefore, the value of the parameter is calculated to be about 10%. In order to change the channel interval of the core-cladding-mode interference, another in-line MZI with L 1 equal to 21.6 cm is made. The spectral responses are similar to that shown in Fig. 2 except that the channel interval is narrowed to about 2.5 nm.
When the in-line MZI is inserted into the Sagnac interferometer as shown in Fig. 1 , the Sagnac and core-cladding-mode interferences are elicited at the same time. As shown in analysis above, the transmission spectrum is not a smooth one but that superimposed sinusoidal fringes with different channel spacings. The transmission spectra of the Sagnac interferometer with different PC 1 states, L 0 ¼ 12 cm, and L 1 ¼ 14:8 cm are shown in Fig. 3 . It can be found that the periodically localized peaks at channel interval of 3.6 nm are modulated by another sinusoidal response with the channel spacing of 54 nm and extinction ratio over 20 dB. Naturally, one highest localized peak appears within the 3.6 nm range over the broad wavelength span of 54 nm. Moreover, the highest localized peak wavelength may be discretely tuned by adjusting only the PC 1 state. The shift amount can arrive at as large as 54 nm and transmission level vary from À3.6 dB to À5.2 dB during the whole process. It can be derived from Fig. 3 that the black, red, green, and blue curves correspond to the rotation angle equal to 0.5, 0.42, 0.4, and 0.36, respectively.
Finally, a discretely tunable erbium-doped fiber ring laser is built by using the proposed Sagnac interferometer to select the lasing line, as depicted in Fig. 4 . A piece of 8.5 m L-band EDF is pumped through a 980/1550 nm WDM by a 980-nm laser diode (LD) with power of 122 mW. Two optical isolators are used to force the ring cavity into unidirectional operation. One 90/10 OC 2 couples 10% of the traveling power in the cavity as output. Another PC ðPC 2 Þ is used to control the polarization evolution of the propagating light in the ring cavity. An optical spectrum analyzer (OSA) with the resolution of 0.1 nm is connected to the output port for monitoring the laser output spectrum. Fig. 5(a) plots the laser output spectra with L 0 ¼ 12 cm and L 1 ¼ 14:8 cm by adjusting the PC 1 and fixing the PC 2 at its optimal state. As expected, the lasing line is tuned over 40 nm covering from 1565.9 nm to 1608.8 nm at a discrete step of 3.6 nm defined by the core-cladding-mode interference. The side mode suppression ratio is maintained over 45 dB during the whole tuning process and 3-dB linewidth less than 0.1 nm, limited by the OSA resolution. In addition, the output flatness is better than 2.0 dB. In order to decrease the tuning step, the channel spacing of the corecladding-mode interference is narrowed to 2.5 nm by setting L 1 equal to 21.6 cm. Consequently, the discretely tuning step becomes 2.5 nm, as can be seen from Fig. 5(b) . The tuning range still covers over 40 nm from 1565.1 nm to 1607.6 nm. The side mode suppression ratio also maintains higher than 45 dB with output flatness better than 2.0 dB. The discretely tuning step can be further reduced by continuing to narrow the channel interval of the core-cladding-mode interference, but it may decrease the side mode suppression ratio of the lasing lines. Fortunately, the problem can be overcome by inserting more than one section of PMFs into the Sagnac loop [13] and then properly setting the relative angles between their primary axes to improve the finesse of the Sagnac interference fringe.
To increase the tuning range, the PMF length is shortened for broadening the free spectral range of the Sagnac interference. It becomes as wide as 63 nm when the PMF length L 0 is cut to 10 cm. Fig. 6 plots the resulting laser output spectra when L 1 is 21.6 cm. It can be seen that the tuning step is still about 2.5 nm, but the tunable range is broadened to exceed 50 nm from 1560.1 nm to 1612.8 nm. The 3-dB linewidth of all lasing lines is less than 0.1 nm with side mode suppression ratio over 45 dB and output power difference less than 2.0 dB. With the length L 0 further shortened, the side mode suppression ratio has the tendency to drop down. It may be attributed to the fact that the transmissivity difference between the highest localized peak and its adjacent ones becomes smaller when the channel interval of the Sagnac interference becomes broader.
Although the transmissivity of the highest localized peak varies with the PC 1 rotation angle during the tuning process, the laser output has the uniform power distribution. It is because that the gain offered by the L-band EDF may offset the level variation of the highest localized peak by carefully cutting the PMF length, as mentioned in [10] . The proposed tunable laser operates at room temperature for 6 hours to interrogate the output stability. Every lasing wavelength hardly drifts while its power fluctuation less than 0.5 dBm. The high stability operation may result from the fact that the signals participating in the Sagnac and core-cladding-mode interferences traverse the same physical fibers. It is believed that the stability may be further enhanced if the fiber laser configuration is well packaged.
Conclusion
A tuning optical filter with one highest localized peak is successfully fabricated based on the superimposed Sagnac and core-cladding-mode interferences. By using the proposed tunable filter, a widely and discretely tunable erbium-doped fiber ring laser is accomplished. By optimizing the performance of the optical filter, the tunable laser output properties may be enhanced. Specifically, the discretely tunable range covers over 50 nm in the L-band with the step of 2.5 nm, side mode suppression ratio higher than 45 dB, and 3-dB spectral linewidth narrower than 0.1 nm. The laser configuration is easily constructed with good operational behavior, which makes it potentially applied to many related fields.
